Introduction
Recently nanocrystalline yttrium oxide (Y 2 O 3 ) attracted extensive research interest due to its unique optical, electrical, chemical and thermal properties. Y 2 O 3 finds wide usage in a many luminescent host materials, medical diagnostics as well as biological, industrial and research fields [1] [2] [3] . Cubic phase of Y 2 O 3 exhibit wide transparent range from UV (220 nm) to infrared ($8 lm) region, it is optically isotropic and hard, having high refractive index ($1.92). It possess high corrosion resistivity, high radiation stability, high melting point ($2723 K), large band gap (5.72 eV) and low phonon energy ($380 cm À1 ) which leads to very narrow emission and enhanced quantum efficiency [4, 5] . Y 2 O 3 exist in cubic (C-type), monoclinic (B-type) and hexagonal (A-type) structures. C-type structure is stable at room temperature and normal pressure. Under high temperature or pressure, the C-type will be compressed and leading to reduction in the Y-O bond length. Thus, the cubic structure will lose stability and atoms will rearrange to form a higher density phase [6] . Hence, it is important to study the phase formation of different polymorphs in nano size regimes in particular cubic to monoclinic phase transition.
Swift heavy ions (SHI) have been explored by researchers in different ways in the field of material science. The energy of the ion, ion fluence and ion species greatly affect the structural properties of materials. SHI penetrates deep into the target material; lose their energy predominately through inelastic collisions with the target electrons. The resulting intense electronic excitation can produce a narrow trail of permanent damage along the ion path called ion track [7, 8] . Also, it produces point defects and defect clusters. In the recent years there has been a tremendous interest in the studies of phase transformation under SHI. A few researchers reported the phase transformation of single crystals, thin films and polycrystalline Y 2 O 3 under energetic heavy ion irradiation [9, 10] . In the present work, 120 MeV Ag 9+ ion induced phase transformation of sol-gel synthesized nanocrystalline yttrium oxide is reported. . This peak corresponds to the monoclinic phase with space group C2/m [9, 10, 13] . This peak is assigned to ð4 0 2Þ plane (JCPDS 47-1274). The intensity of all the diffracted peaks of the cubic phase decreases with ion fluence where as the peak correspond to monoclinic phase ð4 0 2Þ increases. Thus, integral intensity of all the diffraction peaks (cubic phase) exponentially decreases with increasing ion fluence. It is due to the fact that, ion irradiation leads to the damage of Y 2 O 3 lattice and induces more number of oxygen vacancies, extended defects and internal stress in materials and these may also responsible of the phase transformation. A strong intense diffraction peak at 29.14°corre-sponds to (2 2 2) plane is selected for the analysis. The effect of ion fluence on integral intensity of 29.14°peak is fitted using by Poison equation [14, 15] IðuÞ ¼ I 0 expðÀruÞ ð 1Þ where r is the damage cross section of phosphor (r = pr 2 ), r is the effective radius of ion track, I 0 is the integral area of pristine (2 2 2) plane sample, I(u) is the integral area of SHI irradiated sample with ion fluence u. Fig. 2 shows integral area under the peak (2 2 2) as a function of ion fluence. It is found that, the integrated area decreases exponentially with ion fluence. The radius of the ion tracks is estimated by fitting this equation and it is found to be 2.43 nm.
Materials and methods
The electronic energy loss (S e ), nuclear energy loss (S n ) and projected ion range (R p ) of 120 MeV Ag ions in Y 2 O 3 are calculated using stopping and range of ions in matter (SRIM) software and is shown in Fig. 3 [16] . The obtained ion impact parameters are tabulated in Table 1 to SHI irradiation is explained using the thermal spike model. According to thermal spike model the energy deposited by the heavy ions is diffused on the electrons. Then, the electrons transfer their energy to the lattice by the electron-atom interaction. Finally, the energy is diffused in the lattice and induces a local increase of lattice temperature in a cylindrical region around the ion path. This local heating followed by a rapid quenching may induce a phase transformation and/or loss of crystallinity [17] .
TEM analysis
Crystal quality, particle size and detailed atomic structural information can be obtained by characterizing the nanocrystal using TEM, HR-TEM and SAED techniques. [18] . It is clear that, the maximum number of particles occurs in size ranges 20-25 nm and 15-20 nm for pristine and ion irradiated Y 2 O 3 respectively. Hence, it may be conclude that the synthesized material is nanocrystalline in nature and SHI irradiation induces loss of crystallinity.
HR-TEM image confirm that, the pristine sample exhibits cubic crystal system. It also indicates damage free lattice fringes with an estimated interplanar spacing of 0.308 nm that represents the (2 2 2) plane. Also, SAED pattern shows the planes at (2 2 2), (4 4 0) belongs to cubic crystal system. HR-TEM and SAED pattern of ion irradiated sample shows a new plane ð4 0 2Þ correspond to monoclinic phase. The interplanar spacing of (2 2 2) (4 4 0) and ð4 0 2Þ are found to be 0.308, 0.187 and 0.294 nm respectively. And also HR-TEM shows dark spots in irradiated samples because of reduction in particle size and larger number of defects [19, 20] on the surface of the nanoparticles. Also, ion beam induces more damage and disorder to Y 2 O 3 lattice. Therefore, SAED pattern show more diffraction spot.
Raman spectroscopy
Raman spectroscopy is a very sensitive technique and it provides information on vibration of molecules within the scattering volume. The vibration of optical modes in cubic Y 2 O 3 are given [21] by
where 4A g , 4E g and 14F g are Raman active, 16F u is IR active and 5A zu , 5E u are inactive modes. Thus, there are twenty two Raman active modes, where E g and F g modes are doubly and triply degenerated respectively. The Raman active modes of cubic Y 2 O 3 can be divided into fifteen modes (3A g + 3E g + 9F g ) coming from the vibration of O ions and seven modes (A g + E g + 5F g ) coming from the vibration of Y ions [22] . Fig. 6(a) and (b) shows the Raman spectra of pristine and 120 MeV Ag 9+ irradiated (3 Â 10 13 ions cm
À2
) Y 2 O 3 . The observed Raman modes are tabulated in Table 2 . It is clear that the strongest Raman peaks observed at 375 cm À1 for pristine and ion irradiated Y 2 O 3 . The major and high scattering intensity peak in the samples has been attributed to F g + E g mode [22] . It indicates a large polarizability of vibration. This band is characteristic of the cubic structure and is observed in both pristine and ion irradiated samples. Raman peak intensity at 375 cm À1 is found to be decreased in ion irradiated sample. It is due to loss of crystallinity.
As the crystallite size decreases the phonons are confined to the small volume of the particles. This leads to broadening of Raman peaks. The broadening of the Raman peaks is attributed to reduction of particle size [14] . In an infinite crystal, only phonons near the center of the Brillouin zone contribute to the sharp Raman peaks due to momentum conservation between phonons and incident light. On the other hand, in a finite crystal, phonon can be confined by crystal boundaries or defects such as oxygen vacancies, which give raise to lattice strain and loss of stoichiometry. This result allowing phonons with the non-center of the Brillouin zone contribute to the broadening of Raman peaks [23] . Other Raman peaks intensities are decreased and shifted towards the higher wave number region indicating disorder in the system. New Raman peaks are also observed at 410, 514 and 641 cm À1 , these peaks are assigned to monoclinic phase [24] . Pristine sample shows peaks at 750, 817, 866, 942 and 1000 cm À1 are attributed to O-O stretching vibration [25, 26] and crystal-field (CF) excitation [27] . Raman peaks at 942 and 1000 cm À2 are disappeared after SHI irradiation indicating change in crystal filed. This leads to rearrangement of atoms in a system resulting change of crystal system from cubic to monoclinic structure.
Conclusion
In summary, SHI induced phase transformations have been studied in nanocrystalline yttrium oxide. A new XRD peak appeared at 30.36°correspond to ð4 0 2Þ plane confirm the monoclinic phase. Also TEM image confirmed the lattice damage and phase modification under SHI. The results indicate that the cubic to monoclinic transition involves a strong growth of the nanostructure due to the structural extended defects, it originating from the oxygen network behavior, which leads to polygonisation up to a nanocrystallite structure, followed by a phase transformation from cubic structure into a monoclinic structure. This is further confirmed by new Raman peaks observed at 410, 514 and 641 cm À1 corresponds to monoclinic structure. 252  336  375  410  472  514  553  584  641  683  748  815  869  -- 
